in the light of hydrodynamic similarity (Rayleigh 1913) . He credited Stokes before Reynolds with the discovery of this notion. Stokes indeed noted the similarity properties of his basic equations of viscous flow together with their derivation in 1850. The resolution of the drag problem, however, called for the specific similarity law established by Reynolds (1883) for the pressure drop in pipes, which is also applicable-mutatis mutandis-to the drag problem. Interestingly, it was Lord Rayleigh who made what is almost certainly the first reference ever to Reynolds' similarity law, in the introduction to his paper "On the question of the stability of the fl ow of fl uids" (Rayleigh 1892) . (This is discussed later.)
The resolution of the sphere drag problem was completed by Prandtl in his paper of 1914, where he introduced a new concept that complemented his boundary-layer theory-namely, the idea of the transition of the boundary layer from laminar to turbulent at a critical Reynolds number (PrandtlI914). Prandtl made here no more explanatory comments on the usage of this word. After his paper it became common knowledge that the drag coefficient depends on the Reynolds number, a term that became a household word in aerodynamics and aeronautics. The general acceptance of the term and of the notion came much later in hydraulic engineering, in spite of the fact that a textbook on hydraulics by von Mises appeared in 1914 that fully exploited Reynolds similarity (albeit without using the term "Reynolds number"). The memory of this book (von Mises 1914) , which is now largely forgotten, is kept alive in Rouse & Ince's History of Hydraulics (Rouse & Ince 1957) .
After World War I, a treatise on similarity and its use for model experi ments appeared in the Jahrbuch der SchifJbautechnischen Gesellschaft by Moritz Weber, Professor of Naval Architecture in Berlin (Weber 1919) .
As noted by Rouse & Ince, Weber not only put the Reynolds number to use but also introduced the Froude number and a new number involving capillarity, which later was named for him. This was apparently the begin ning of a new era in the use of names for nondimensional numbers.
Reference has been made here repeatedly to the seminal paper of Rey nolds (1883). There he gave, by dimensional analysis, unprecedented appli cations that led to specific results: He introduced the notion of the critical Reynolds number and established the similarity law for the pressure drop in pipes. The early history of these ideas is discussed in the following sections.
REYNOLDS' FLOW-VISUALIZATION EXPERIMENTS
Reynolds gave a visual demonstration of the transition from laminar to turbulent fl ow in a pipe, using an experimental setup that is still popular ROTT today. Figure 1 , which is reproduced from Reynolds (1883) , shows an artist's concept of the original device. An elevated platform permits the use of a siphon that is high enough to reach the critical velocities; the valve at the exit is manipulated by a lever that extends to the platform. Water is drawn from a glass-walled box into a glass tube, together with a fi lament of dye. The tube has a trumpet-shaped inlet. Readings of the water level, accurate to 1/100 of an inch, were used to determine the velocity.
The dye filaments at transition are reproduced in many texts, using Reynolds' original drawings; but as his apparatus is still in existence at the University of Manchester, modern photographs can also be obtained. It was clear to him that he needed a carefully shaped inlet to avoid eddies created at the entrance of his tube. He also wrote (Reynolds 1883, p. 955) : "The fact ... that this relation has only been obtained by the utmost care to reduce the external disturbances in the water to a minimum must not be lost sight of. " This is a reminder repeated from p. 943, where he notes (we revert to present-day terminology) that turbulent fl ow has been observed at much lower Reynolds numbers; he continues: "This showed that the steady motion was unstable for large disturbances long before the critical velocity was reached, a fact which agreed with the full-blown manner in which the eddies appeared. "
This discussion admits the interpretation that, by more careful experi ments, an upper critical Reynolds number could be found that is the stability limit for small disturbances. Reynolds' experiments were repeated a quarter-century later by V. Walfrid Ekman, who visited Manchester to use Reynolds' original equipment. By smoothing the wooden trumpet shaped inlet, he was able to reach critical Reynolds numbers up to 44,000 (and later more) but found strong scatter approaching these high values.
He conjectured (Ekman 1910 ) that the fl ow is stable for small disturbances. In early classic (pre-Reynolds) hydraulics, measurements of the tem perature dependence of the viscosity in water were often combined with studies of the flow resistance in pipes. Reynolds actually used the function P to extend the scope of his experiments: Critical velocities obtained for 5°C and 22°C were compared and found to have the ratio of about 1.4, in accordance with Poiseuille's formula for P. This complemented the experiments with different tube diameters of 1, 1/2, and 1/4 inch.
THE CRITICAL REYNOLDS NUMBER
In his original investigations Reynolds (1883, p. 946) came to the con clusion that "there must be another critical velocity, at which previously existing eddies would die out, and the motion become steady as the water proceeded along the tube. This conclusion has been verified."
Reynolds determined this critical velocity by measuring the pressure drop in a 5-ft section at the end of a 16-ft pipe. He found the pressure loss to be proportional to the first power of the velocity for low speed but varying with a higher power beyond a "lower critical velocity," which For pipes without a streamlined inlet, the critical value quoted in most contemporary textbooks is 2300.
THE POWER LAW
Reynolds determined the critical Reynolds number by the change of the dependence of the pressure loss on velocity. As already noted, he found for turbulent flow a velocity power law with the exponent 1.723, valid for his experiments over a range of 1 to 50 (Reynolds 1883, p. 975) . He actually wrote down (on the same page) the similarity law for the pressure drop in its full generality, namely (in present-day notation) formulas both for open channels and for pipes, using a common principle.
When both viscosity and gravity play a role, then two empirical exponents are required for the most general power law, and the guidance given by Reynolds' similarity is lost. Knibbs described the history of the many contributions to the power law and took issue with Reynolds for ignoring them.
We have already sided with Reynolds and adopt now an idea of Blasius for the selection of references: Only papers are quoted in which the power law dependence is stated both for the velocity U and for the diameter D, in a way that is compatible with Reynolds similarity. According to the formula that states the similarity law (see above), the difference of the exponents of U and of D has to be 3. Then, only one author is left on Hagen's measurements were published in 1854 (Hagen 1854) ; in the same paper he made an observation for which he is probably best known. (Blasius 1913, p. 5 ) that the Reynolds law "has not penetrated, as of today, into the pertinent fi elds of engineering" (in the original: "ist in die einschlagigen Gebiete der Ingenieurwissenschaften bis heute noch nicht eingedrungen"). His paper became influential in leading to a change, and it was widely used in aeronautical and mechanical engineering.
The combination of the power law with similarity considerations proved to be a valuable tool for further developments in the early stages of turbulence theory and has led to results of lasting importance for engi neering applications. The connection between the wall stress, the dynamic pressure, and the Reynolds number, as given by Blasius' formula for pipe flow, is directly applicable to the turbulent boundary layer on a flat plate and can be extended to a multitude of interesting cases. 
EPILOGUE
Reynolds begins his 1883 paper by stating: "The results of this investigation have both a practical and a philosophical aspect." This could be a useful quotation for instructors who teach a first course in fluid mechanics to juniors in an engineering college. There is a yearly battle going on for students' minds; history might help to convince them that the use of the Reynolds number as an independent variable is an application of a basic truth, and not just a useful convention for a handy diagram.
